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High-resolution angle-resolved photoemission spectros¢ARPES was used to investigate the transition
metal dichalcogenidéTMC) 1T-TiSe, above and below the phase transition. We find that this system fulfills
special conditions such as narrow band width and flat dispersion for bands wit§ilndlthe Fermi energy.
These prerequisites allow ARPES to observe energy dispersion of bands Bpavithout normalization
procedures and a leading edge of the Fermi-Dirac distribution cutoff, which is considerably shifted to the
unoccupied region with respect K- . As a consequence we conclude that the dili&nd is only thermally
occupied at room temperature and considerably shifts towards the occupied range upon cooling. When passing
the phase transition, the S dands become backfolded due to new symmetry restrictions. The temperature
behavior of the ARPES spectra can, in accordance to transport data, be explained as the occurrence of an
excitonic phase suggested by Kofithys. Rev. Lett19, 439(1967)].

[. INTRODUCTION tors by calculating the 2D gradient of the experimental FSM.
In their case, Straulet al* considered metallic systems.
Angle-resolved photoemission spectroscd®RPES is  Now the question arises what happens in constant energy
the cornerstone for mapping occupied energy bands ofurface mappindCESM) experiments near the FS, if the
solids! In a metal or a semimetal, the spectral weight of anmaterial is weakly semimetallic or even semiconducting with
ARPES spectrum is cut off by the Fermi-Dirac distribution  Very small(direct or indirect band gap of less tharkgT,
(fep), which is inherently temperature dependent. Until!-€- when energy bands do not really cross but only graze
quite recently, researchers using ARPES were discouraged fr

. . - We investigated the subsequent representative of the Ti
probe electronic stategovethe Fermi energ¥g due to this ; . ) o )
rapid falloff of spectral weight. Grebegt al? showed that TMC family, namely T-TiSe,. This material is particularly

under special circumstances, thermal population makes elei%rlteresting due to a lattice instability arising around 180—-200
; . ; i i X 2%
tronic states accessible up t& aboveE. ,» where a charge density wa(@DW) with a (2x2x2)

. . . . .. superstructure is formed concurrent with a periodic lattice
Mapping electronic bands in a metal or semimetal implie

e . Sdistortion (PLD).%" Concerning electrical properties, the
that they cros&r at some point, i.e., at the Fermi vectar, g estion whether T-TiSe, is a semimetal or a semiconduc-

which is a point on the Fermi surfad&S. FS mapping (or has led to a number of ARPES contributién& which
(FSM) experiments using ARPES reveal directly cutsgiq not lead to a consistent result.

through the FS.More generally, these mapping experiments NearE properties in T-TiSe, are governed by two en-
can be expanded to investigate constant energy surfac@sgy bands/ namely, the Ti 8l-derived band arouni (L)
(CES, which can, e.g., be used to elucid&tespace loca- and the Se g band around’(A).*-26 Andersonet al® were
tions of valence-band maxima. Stra@al® showed re- the first to show that dispersion effects in the direction per-
cently that one has to be careful in interpreting the data obpendicular to the planes, i.ek, , play an important role.
tained in FSM experiments by probing the FSs of Cu metaiThey detected holes in the S@ dand atl’ by varying the

[a three-dimensional3D) systenj and the transition metal photon energy and found an overall semimetallic overlap of
chalcogenide(TMC) 1T-TiTe,, a prototype of a two- 120 meV with an occupied Ti®band at theL point of the
dimensional2D) metal. The latter has been proven to be theunreconstructed Brillouin zone(BZ). Band-structure
almost ideal interacting 2D system, i.e., a Fermi liquid. calculationi®-2®did not help to solve the inconsistencies be-
Straubet al? further pointed out that for narrow-band sys- tween Anderson’s wofk and former ARPES dat¥
tems like Ir-TiTe,, the FSM does not directly reveal the which tended to state clear semiconducting behavior.
actual FS, because one has to consider the renormalization of Considering the driving force of this second-order CDW
the quasiparticlegQP) in a Fermi liquid, which modifies the phase transition, T-TiSe, turned out to be, contrary to other
momentum distributiom(k). As a consequence, they devel- 1T-type layered materials, not the typical representative of a
oped a method to determine accurately the actual Fermi ve¢S nesting material, because there are no large parallel FS
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portions. However, DiSalvet al® were the first to suggest a cal vapor transport methcl.Best samples were grown at
nestinglike model between ti&point holes and thé-point 500 °C with ICk as transport agent. These samples showed
electrons. In their model, an electron-phonon interactiorthe  best  stoichiometry and  resistivity  ratios
would be sufficient to produce a distortion if the electron andp(165 K)/p(295 K)=3.3. All samples were grown in the
hole FSs are near nesting. However, parallel portions on thpresence of a slight Se exceé8s’ In addition, Hall coeffi-

FS were neither predicted by band-structure calculatfoAS  cient measurements revealed that above the transition at
nor seen by ARPES measureméit¥ The second model ~180 K, conduction i type, i.e., from holes, and below
proposed was an antiferroelectric transitfér?°driving soft T, n type, i.e., from electrorfé in accordance to other
the corresponding phonon mode. Hereby, the unusually higmeasuremenfs The samples were cut with a blade to the
lattice polarizabilitye,, was the starting point. Another ex- desired shape and mounted with silver epoxy on a polycrys-
planation was given by Hughé8yho simply considered the talline Cu sample holder. Sample cleavage was carrieéthout
lattice coordination, which slightly distorts from octahedral situ using adhesive tape at a pressure in the *30mbar
(1T) to trigonal prismatic (®) as a function of temperature. range.

On the basis of simple total energy arguments, he expected After that, they were orienteid situ with x-ray photoelec-

the Ti3d band to shift downwards, therefore lowering the tron diffraction(XPD), which provides high-symmetry direc-
total energy. This band pseudo-Jahn-Teller effect, couldiions with highest accuracy. Angles can be scanned continu-
however, not explain the subsidiary spots seen in electroously to perform mappings of intensity at a constant energy
diffraction 3%*2 The most conclusive approach was made bysuch asEr, or slightly below and above. Briefly, in such a
Wilson 22 who, reviewing experimental data, found evidenceFSM experiment, the spectral function in a small, resolution-
for TiSe, to show an excitonic insulator phase upon decreaslimited energy window centered Bt is scanned over nearly
ing temperature. Such a mechanism was first suggested 2 solid angle and represented in a gray scale plot as a
Kohn3® Even though early photoemission data supportedunction of the polar and the azimuthal angle. This technique
this view;*!>1this picture was questioned by the ARPES is well established and has proven its power in mapping the
works of Anderson and co-workérdwith, though, not very  FS of highT, cuprates?® transition metalé;***°or of TMCs
clear arguments. Summarizing, it remains unclear what reexhibiting phase transitiorfs.For a review see Ref. 40.

ally happens in T-TiSe, as a function of temperature. In the

present paper, we are looking for further experimental sup-

port of one or the other picture. Il RESULTS

_Using high-resolution ARPES, we find that nearthe In order to get information about the topology of bands
Ti3d-derived band only appears thermally occupied at roonhear the FS we performed constant energy mapping experi-
temperaturgRT), visible only by thermal excitation of un-  ments. Here, we intend to investigate semimetallicity or
occupied states up tokgT abovethe Fermi level. Upon  semjconductivity. Hence, we mapped constant energy sur-
cooling, the Ti band shifts to higher binding energies andfaces(CES near Ex and present them in Fig. 1. On the
becomes occupied. Our ARPES data at 120 K reveal, that ﬂ'ﬁ‘ght-hand side, we show CES mappin@ESMS at three
Se 4p band undergoes a folding due to the doubling of theyifferent energies below and abo® . CESMs are taken
unit cell and the involved (22X 2) superlattice. From our ith He-I radiation(21.2 eV} at RT. The spectral weight in
analysjs, we plerive a consisftent picture of the t_emperaturtfhe energy window is mapped over much of the hemisphere
behavior of TiSe. The scenario of Kohn's excitonic phases ghove the sample and represented in a linear gray scale with
seems the most likely explanation to account for all the obhigh intensity corresponding to white. The center denotes
served featurgs. ) ) normal emission and the outer circle depicts grazing emis-

The paper is organized as follows. The next section dealgjon The location of the energy windows with respecEfo
with the experimental setup and the sample preparation. Segs mimicked on the left-hand side of Fig. 1. The experimental
tion Il shows the ARPES results, taken at room temperaturgnergy resolution was 30 meV, indicated by the width of the
(RT)and at 120 K, i.e., in the CDW state. In Sec. IV we shall gnergy windows as shown by the gray areas. The Fermi level
discuss our results in terms of the aforementioned modelg depicted as the straight black line whereas the energy po-

and, finally, in Sec. V we summarize our findings. sitions of the windows are given as the dashed black lines,
respectively. Superposed on the bottom CESM is the surface
Il. EXPERIMENT Brillouin zone (SB2) of the unreconstructed lattice with

high-symmetry points indicated. All maps exhibit a trigonal
The photoemission experiments were performed in a VGsymmetry due to the space group3, of the IT-type
ESCALAB Mk Il spectrometer with a base pressu®2  TMCs17 The intensity difference between tfi€M’] and

711 . . —
X107 mbar. Our sample goniometer is constructed fory,qo 1T\ azimuths is a matrix element effect and clearly
motorized computer controlled data acquisition over 2 (.o o< \well in ESMs of othefTitype TMCs*4L

. 4 .
solid anglé* and can be cooled with LNdown to less than ™10 o lower maps show three elliptic features around

120 K2* X-ray photoelectron spectroscopy was used to, — . .
check the cleanliness of the sample. The ARPES measurg-]e M points of the SBZ and their weaker counterparts

ments were performed with Hevradiation(21.2 eV froma  @round theM' points. This spectral weight stems from elec-
high_intensity gas_discharge |amp The energy reso|utioﬁr0ns of the Ti 3l-derived band. In the ISOStI’UCturaL but me-
was 30 meV and the full angular acceptance cone was leddllic, TMC 1T-TiTe;,, these electron pockets can be seen as
than 1°. well around theM points* However, the behavior of the
Pure samples of T-TiSe, were prepared with the chemi- pockets here is somewhat puzzling because in the CESM in
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formed at room temperature with He-I radiati(®1.2 e\j. Energy
positions are chosen to lie very cloaboveand belowthe Fermi
energyEr . Exact location with respect 8¢ is sketched in the left
part of the figure, together with the width of the energy window
from which spectral weight has been mapped.

Binding Energy (meV)

FIG. 2. (a) Angle resolved photoemissidARPES spectra in
the (C"ALM) plane vs the binding energy, carried out with He-I
radiation at room temperature. Only spectra nearlthgoint are
displayed(see texk (b) Simulation of the ARPES spectra frota)

the range abov&e, i.e., at—30 meV binding energytop for varying initial state energy positior(sf. texf).

pane), this pocket is clearly split into two small circular
spots. Furthermore, at 70 meV, these pockets are still clearly o ) ) )
visible. This could be interpreted that the Td ®and is oc- -.. the photoemission signal is given by(k,w)
cupied till nearly 100 meV and even below including asym-=10A(K,»)f(w), where Ak,w) denotes the hole spectral
metry and broadening of the peaks in contrast to othefunction,f(w) the Fermi-Dirac distribution anki, the matrix
ARPES dat&'® So, the case is more complicated and oneelement. Following Mesagt al** the symmetrized data, i.e.,
cannot deduce simply from the CESMs that we have occub(w)+I(—w) =21 A(K,w), can reveal the actual Fermi
pied electron pockets around the points. vector positions, if one assumes particle-hole symmetry near
Straubet al* presented another method to determine theE. . This method circumvents the above-mentioned prob-
locations of the Fermi level crossings knspace for narrow  |ems and one may state whether or not Fermi vectors exist.
band systems. They carried out FSMs and, afterwards, took e first model our ARPES data with a simple simulation,
the 2D gradien¥ (k) of the experimental pattern. This pro- demonstrating that a large peak lying in tiermally occu-
cedure clearly yields maxima along lines of steepest intensityjeq region aboveEr can also be seen in the spectra above
change around the spots observed in Figindt shown.  E_ even in the presence of the Fermi-Dirac cutoff. We then
However, using this gradient method only, one cannot disgpq,y symmetrized data, clearly indicating that at room tem-
tinguish between a band only approaching or really Crossma%erature no Fermi vectoke exists, whereas in the low-

Er. This point was already stressed in FSMs of isostructur - e : ;
.42 o emperature phase two Fermi vectors exist directly implying
1T-TaS. Therefore, it is necessary to perform ARPES band that crosses. .

measurements. Yet, ARPES spectra do not evidently revegl We start with our ARPES data and give the results in Fig.

the actual peak positions of the spectral function, due to th . .
chopping off of the peaks by the Fermi-Dirac function and/o 3@ for the TALM high-symmetry plane together with a

by small dispersion. To overcome these caveats, a negimulation[Fig. 2 (b)]. The corresponding situation ik
method has been developed for the cuprité$ being SPace is shown in Fig. 3. We plot t.he BZs for the unrecon-
quasi-2D systems as well. This method is valid under thétructed (1) phase as thick rectangles, e.g.,
assumption of particle-hole symmetry near the Fermi leveHLoL1A1L1LoAq. The corresponding low-temperature re-
and even overcomes problems due to finite enemymo-  constructed BZs are drawn as the dashed rectangles. Num-
mentum resolution as shown by Mesattal** It was pub- bers at high-symmetry points give the corresponding BZ.
lished initially to examine the normal state ARPES spectra offhe circular trajectory displays free electron final state vec-
underdoped cupratédand was generalized very recenfy. tors for He-I radiation. The work function was measured to
It uses the common view to describe ARPES data obe 4.6 eV. The inner potential was chosen as 10 eV as de-
quasi-2D systems in terms of the spectral function approactigrmined experimentally by Andersat al® The line thick-
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an inelastic background, but the asymmetric line shape of the
[~ 1 room-temperature spectra may as well have an explanation
L ] related to electron-hole fluctuations in the normal state as
| T3e ! L explained below.

| e .

AT i The initial state peak position was set to be the only free
| i L, parameter. Figure(B) shows, from the top to the bottom, the

! T, e Dy, ! M, e simulated spectra usir)g initial state enerdigsak positions
““““““ of the Lorentzian varying from 0 meV to 200 meV. From

4

! |
L ] these simulations it is obvious that one may obtain peaks

Z]

|

[0001] kJ_(A-l) Lorentzian and multiplied this spectral function with a
— T_ _ Fermi-Dirac distribution to account for the thermal cutoff at
A”} L 2’1 the Fermi energ§® This constant was added to account for
|
|

Ciaxx2p -1 above K. Several features need to be discussed. First, for an
initial state peak position at the Fermi ener@ymeV), the
peak is shifted to higher binding energies, i.e., spectral
weight peaks at=10 meV. Already from this result, we
may assume that the Tid3band is only thermally occupied

e t k(A1) in the measure#-space section in Fig.(d). Second, up to

1l an initial state energy of 50 meV, the peak is clearly visible

and the leading edge is shifted 70 meV into the unoccupied

FIG. 3. Sketch of the measurement geometnkispace. To . . .
calculate the free electron final state vector, given as gray circulaf®9'on-: Third, only when the Lorentzian reaches 200 meV

trajectory, we assumed an inner potential of 10 eV and measurewe spectru_m reveals the cutoffiag . Between 100 _an.d 200
the work function to be 4.6 eV. Unreconstructed Brillouin zonesMeV the simulated spectra reveal no longer a distinct peak
(BZs) are given as black rectangles, reconstructed BZs are depictd?t!t the leading edge stays shiftéabt shown. This means
as dashed rectangles. The corresponding surface BZ is given. that up to ak; of 0.438 A~ the Ti 3d band lies closdin

the range of &gT) to E; and considerably affects the spec-

ness of the circular trajectroy indicates the covered energtral line shape. Effective band masses will be discussed be-
range measured in the ARPES spectra of Fig. 2. As a consésw.
guence, the ARPES dispersion plot starts close toAhe We note that it is not intended to give a quantitative
point and intersects the BZ close to the point of the BZ.  analysis of the spectra in terms of the calculation of the spec-

We come back now to the measurement. In Figy the  tral function with an appropriate self-energy term, as it was
k; distance from thé. point is given on the right-hand side done, e.g., for the Fermi liquid reference compound
of the plot. Most surprisingly, the Ti®derived band ap- 1T-TiTe,.” The problem simply is that, to our knowledge, no
proachesEr from the unoccupied side till it reaches its mini- self-energy is available for this kind of non-Fermi-liquid in
mal modulus of the binding energy Bt in accordance with our case. We emphasize that there are several conditions to
the theory:®° But, the band never crosses the Fermi level.meet such that ARPES can yield this particular spectral
This is manifest through the fact that the midpoint of theshape. As other simulatiotsreveal, such a behavior can
leading edge is shifted substantially to the thermally occuonly show up if the intrinsic peak width is less than
pied range of energies abow-. This finding is very re- 1/2X5kgT. Otherwise, the observed peak position lies on the
markable, because it indicates that a dispersing band up tccupied side. Experimentally, this would be reflected solely
5kgT (i.e., 125 meV at 300 Kabove the Fermi level can be in a shift of the midpoint of the leading edge, unless, it stays
detected without normalization procedure such as a divisiovell below the experimental Fermi edge. Another criterion is
by frp as demonstrated in Ref. 2. the finite momentum resolution<(0.07 A~ in our casg

We emphasize that our spectra are given without any datRue to the very small dispersion of the Td dand, however,
treatment. The reproducibility was checked by several mearesolution effects can be neglected. The most critical point is
surements on different charges of samples and differerthe influence of the Fermi-Dirac distribution function. It has
cleavages and after cooling and heating cyctese below been shown for T-TiTe,, that at the actual Fermi vector
Spectra always exhibited this peculiar shape. An argumerposition, the ARPES spectrum reveals a peak belw
was put forward by Karschnickt al,*® who detected a sen- Wwhereas it appears above the experimental Fermi energy for
sitive response of thd-band intensity due to residual gases. higher temperaturé$.We may overcome this uncertainty by
Our working pressure was in the low 18 mbar range, and symmetrizing the datésee below.
we never detected adsorption of residual gases during our Actually, the Ti band ighermally occupied only. A gen-
measurements, and even after a cooling cycle, valence-bardal statement, however, about the magnitude of an
spectra remained unchanged. Therefore, we can definitivelge 4p/Ti 3d-band overlap can only be made if one accounts
rule out contamination effects. The question now remaindor the influence ok, as stressed by Anders8n.
how the spectra can be explained and what are the approxi- Band-structure calculations predict a considerable disper-
mate peak positions. sion of the Se bands from to T",*®19222%providing a small

To demonstrate effects of narrow and very intense peakbkole pocket in the vicinity of’. With our photon energy we
just aboveEr on ARPES spectra, we simulated this peak bydo not have access to this hole pocket because we are located
a Lorentzian(the peak width was estimated to be 30 meV nearA and the band maximum is locatedlatTherefore, we
from the room-temperature spectrumldt For the simula- rely on experiments by Anderscet al® Using synchrotron
tion in Fig. 2Ab) we added a constant background to theradiation to accesk, dispersion they derived a hole pocket
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0.146 FIG. 5. Measured in-planel(c) resistivityp(T) as a function of
temperature for sample charges used here. For details see text.

0219 Spectra were taken at the sakspace locations as in Fig.

0292 2(a). First, one observes a double-peak structure with a hole-
3368 like dispersion centered at tHe point. The two peaks are
indicated by ticks and fade out to weak shoulders upon mov-
ing away fromL. These two bands, resolved for the first time

here, are the backfolded S #ands from the\ point due to

FIG. 4. ARPES spectra analogous to Fig. 2, but at 120 K, i.e.,the formation of the (%2x2) PLD superstructure, as al-

13
well below the second-order phase transition around 180 K. Onlyfeady noted by Stoffest al.”” They 509'0" however,.not re-
spectra neak (T',,,) are displayed. solve the two bands. Andersat al” did observe this peak

splitting belowT,., although only directly at.

of 15 meV, assuming a constant spin-orbit splitting of the Second, the Ti 8 band, at RT clearly situated above the
Sel'; A; bands?® For the other BZ boundary, i.e., for the Fermi level, has now shifted considerably into the occupied
Ti 3d band we are on the good side, as, in coincidence withiegion. The maximal binding energy is abobt0-25 meV,
theory®® and ARPES dat;° the L point is the point of yielding a shift of approximately 30 meV. Note that directly
lowest energymaximal binding energyof the Ti 3d band. atL, the Se band has more spectral weight than thedTi 3

In the previous paragraph we have observed an thermallpand. This is another indication that we have highly stoichio-
occupied Ti 3l band close td_ with an extremal binding metric samples following the arguments of the Skibowski
energy of ~—10 meV. This is in contrast to published group®*°
ARPES work®~% which all reported an occupied Ti band.  As mentioned above, the spectral function measured by
The reason for this is not known. However, this is in agree-ARPES does not necessarily yield the actual peak positions.
ment with the positive Hall coefficient at FF® Altogether  First, the temperature-dependent Fermi-Dirac cutoff may af-
with the small hole pocket of 15 meV seen by Anderson, wefect the spectra such as to exhibit peaks abByeat room
derive for IT-TiSe, a small semimetalliqp-d overlap of temperature, which shift belo®g for very low temperatures
~5 meV. We have to emphasize that Anderson’s value i®nly by its temperature dependence as previously shown for
estimated and our value is a lower limit. Hence, it is hard tolT-TiTe,.*® Second, for strong dispersion, actual peak posi-
evaluate the overlap precisely. What we can say from outions can be affected due to the influence of the momentum
results is that we do neither get a large semimetallic overlapesolution.
of 120 meV as in other ARPES wdtkor semiconducting We would like to show now that in our case the Td 3
behavior. band only graze€r at room temperature, but crossés

Coming back to the measurements of the constant energyice at low temperature. We profit from recent work on
surfaces in Fig. 1 we note that neither simply performingquasi-2D materials, where it was suggested that the symme-
CESMs nor taking the 2D gradient allows a final statementrization of the electron removal spectrum né&gr leads to
about occupied or unoccupied bands. Instead high-resolutiotonclusive statements about the existence of Fermi crossings
ARPES measurements are absolutely necessary to deci¢gee above We applied this data analysis on the ARPES
whether narrow bands cro&s or not. spectra of Fig. @) and Fig. 4. The results are shown in Fig.

In order to shed light on the underlying mechanism re-6. The top panels illustrate the situation of an electron band
sponsible for the CDW formation, we measured the samapproachingeg near thel point and its symmetrized coun-
section in the ALM) plane at 120 K. The results are terpart. In panel Fig. &, the band just grazeS, in Fig.
shown in Fig. 4. From resistivity measureméhi&ig. 5) we  6(b) it is slightly in the unoccupied range, and in Figch
note that we are still in the decreasing part of pii&) curve.  the band crosses the Fermi level twice, leading to two clearly

(e i

400 200 0
Binding Energy (meV)
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FIG. 6. Top: Sketched situation of a flat band approaching the .
Fermi level(panel a,band crossindg (panel 9. Bottom: Symme- Parallel Momentum (A1)
trized data as obtained from the ARPES spectra of Figs. 2 and 4.
The left panel shows the results for room temperature, the right one F!G. 7. Complete ARPES sets for th#'ALM) plane, taken
those for low temperatures. The small bump on both sideggof With 21.2 eV photons at room temperatugs and at 120 K(b). In

near L in the bottom right panel reflects the backfolded $e 4 (a), the region of thermally excited electroabove E is depicted.
bands. Modelled peak positions are superposed for thedbands ©) as

well as for the Se g bands (\,[0) at the respective temperatures.

distinguishable Fermi vectors. The bottom panels show the - _ )
symmetrized data for room temperatuleft) and for 120 K spectra in Figs. 2_and 4 The d_ata are shown in a linear gray
(right). Data is shown for the same momentum range as iscale representano_n with ‘maximum intensity correspongjmg
Figs. 2 and 4. For room temperature one observes a peé? b!ack. The Fermi level is given by the plagk dashed line.
evolving upon approaching thepoint, but this shape shows N Fig- 7(a), the energy rangabove E, which is thermally
no dip in the vicinity ofL, as it would be the case, if the peak POPUlated, is indicated by the arrow. The high-symmetry
crossecE, .34 Completely different are the data of the bot- pomts.A andL are given, meaning that we start from a polar
tom right panel for low temperature. Here, a peak evolves®MISSIon angl®, ,.=0° going down to higher polar angles
gets maximum intensity, then decreases considerably in idP t©© ®vac=50°. The ARPES spectra have been mapped
tensity, at the same time vielding a small but visible dip ato"o @ regulark; grid, obeying the usual photoemission
the L point, before it reappears again upon moving away©rmul
from theL point to the other direction. This, if following the N .
arguments of Mescét al** is a clear indication that at low ky(A 1)—0.512\/hv(eV)—|EBm|(eV)—|¢|(eV)sm®Vacl
temperatures the TiBband crosses the Fermi level twice, @
or, in other words, one has occupied states. At room temwith hv, Eg;,, and¢ denoting the photon energy, the bind-
perature, however, the Tid3band only grazes but doe®t ing energy, and the sample work functi¢4.6 eV in our
crossEg, or, in other words, the band is only thermally case, respectively.
occupied. From the fact that we see a symmetric peak evolv- In the low-temperature pldtFig. 7(b)] the new center of
ing at room temperaturébottom left pangl we conclude the reconstructed BE . ) is marked, which corresponds to
that the Ti 3l band in fact approache: rather closely and the oldL point due to the in-plane (2) reconstruction. To
we can estimate the maximal binding energy atltmwint to ~ evaluate the dispersion and band masses we fitted the spectra
be approximately 5—10 meV, if comparing with our simula- to model functions, which consisted of two Lorentzians for
tion. the case of the Se bands near &point, of one Lorentzian

In order to be able to understand the temperature behavidor the RT Ti band aroundl (see simulation aboyeand of
of the Se and Ti bands, we have to consider band masses atittee Lorentzians around in the CDW phase. All model
possible band interaction. Therefore, we present in Fig. 7 théunctions included a constant background and the Fermi-
complete set of ARPES spectra in tHeALM) plane, start-  Dirac distribution. The results of the peak fits are superposed
ing at theA point. Spectra were obtained at RFig. 7(@)]  on the ARPES spectra. The circle®) denote the Ti 8
and at 120 K in the CDW phagd-ig. 7(b)]. Energy and bands, the triangled (hollow and filled and the squares
momentum axes are extendend in comparison to the ARPE@ollow and filled depict the Se g bands, i.e., thd'; A3
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band and its spin-orbit split partner. The uppermost Se band E (@) T>T E
atA is the one which crosses the Fermi level upon approach- Pmax
ing I" according to Andersost al® The backfolded bands in

the CDW phase exhibit almost identical effective masses as

the Se $ bands around and also the same splitting. There-

fore, the assignment to the ¥2) reconstructed Se bands is
straightforward and in perfect agreement with published E
datal® Importantly, the Se bands do not shift in energy upon
cooling as the Ti band obviously does.

A polynomial fit (order 2 to the bands irk for the RT
data yields the band masses to be of the order of 8.8
+59%m,, with my being the mass of a free electron, for the
Ti 3d bands, i.e., the electron bands, and 6:586m, for " (b) T<T
the hole (Se #) bands. The latter value is in good agree- Pmax
ment with published resulfS. It is puzzling that the back-
folded Se bands display a flattened dispersion in the vicinity i
of thel',x2) point. This is a possible hint to band interaction E W

between the Ti electron and the Se hole bands as discussed r '
below.
Se4p
q backfolded

IV. DISCUSSION T L=l k

Ti3d

Ep

= T . frp (T=300K)

In this section we shall discuss the results shown in Sec. F|G. 8. Sketch for the occurrence of an excitonic insulator phase
[l in terms of the in-plane ( c) resistivityp (Fig. 5 and the  according to Kohr® (a) situation before the phase transitiof (
underlying mechanism for the PLD transition. The curve iS>Tpma>) and(b) the situation after the second-order phase transition
valid for the sample charges we measured and was publishegk T<T, . implying the required (X 2X2) reconstruction, cor-
earlier (taken from Ref. 36 One observes that the back- responding to the spanningot nesting vector g. A vyields the
ground resistivity shows metallic behavior and that a broadndirect gap(negative or positiveof the electron and hole bands
hump is superimposed, which extends from room temperasee texk
ture down to below 100 K. The reason for this hump is
unclear up to now. The only thing one knows is that it can betheoretically by Knox* des Cloiseaur? Keldysh® and ex-
suppressed by metal or chalcogen doping as shown by earbellently reviewed by Halperin and Ric& Kohn showed’
transport  work*3"  The resistivity ratio  that in the case of a semimetal or semiconductor with a small
p(165 K)/p(295 K) equals 3.3 and agrees with other pub-indirect (negative or positive band gap, excitonic phases
lished data(see Ref. 36 and references thejeiMeasure- may occur under several conditions.
ments of the Hall coefficient indicate that the majority of  First, there has to be a reconstruction that doubles the
carriers at RT are holes and that well below the transition theeriodicity of the lattice”>>*In TiSe,, in fact, the phase tran-
conduction is prominently electronié® So, stoichiometric  sition is accompanied by a PLD leading to a{(2x2) re-
samples ar@-type conductor§® construction. This first prerequisite is therefore fulfilled. The

To recapitulate, T-TiSe, is (semimetallic for high tem-  second condition is the very existence of two bands, an elec-
perature andsemj metallic at low temperature. However, in tron band and a hole band at different locationscispace
between, a state with a higher resistivity exists. Therefore theith an indirect gap as argued by KofhThe situation is
Fermi surface must be affected in this temperature range argketched in Fig. 8 for a semimetallic phase. In our case the
should yield another shape for temperatures beldw Se4p band is partly unoccupied. The dashed area denotes the
~200 K than for RT. If one compares the results of theoccupied part and the horizontal line denotes the Fermi level,
transport measurements with our ARPES results, one olrespectively. At thel point, the Ti 3 band has its energy
serves astonishingly good qualitative agreement. At RT, theninimum slightly aboveEg . The resulting overlap, in this
Ti 3d band is thermally occupied and conductivity mustcase, equals 5 to 10 meV. The vector spantirspace from
stem from thel' point holes of the Se band. BeloW,, T to L yields exactly the value of a reduction by 2 in each
however, the Ti 8 band is shifted towards the occupied direction, i.e., it corresponds to the X2x2) reconstruc-
range and, hence, generates a real electronlike Fermi surfagien. This is the situation foﬁ'>Tpmax, whereT,  corre-

with actual crossings oEg . The smaller resistivity at low  gponds to that temperature where the resistivity is maximal.
temperature and the negative Hall coefficient can be exy addition we display at the right a Fermi-Dirac distribution
plained by an electron-hole instability, which was originally ¢_ tor T~300 K in order to visualize the extent of the band
introduced by Motf® He considered a sem!metal with a filing with respect to thermal populatior. is not sig-
small number of electrons and holes and noticed the follow- . . _Pmax =

ing: If the number of carriers is sufficiently small, the screen-nlflcant (see beIgv)n However, T.~200 K is significant for

ing of the Coulomb interaction between electrons and hole{® Phase transmofPITD). Ir? general,'l'pmax<Tc, butT, .

is weak. However, an unscreened Coulomb interaction wilstrongly depends on impurities or defetts” In the case of
always lead to a weakly bound electron-hole pair, i.e., anl <7, __, [Fig. 8b)], the Se 4 band atl" is unperturbed as
exciton. This model of thexcitonic insulatowas developed shown in Fig. 7. The situation dt, or in other words at
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I'(2x2y, has dramatically changed. The Sg i backfolded but no distinct shoulders as in Ref. 9. Nonetheless, the spec-

and the Ti 3l band is shifted down. The experimentally ob- tral function may include excitonic fluctuation effects what
served situation is in perfect agreement with the picture pre\-"’OUId cause this asymmetry. . .
Lowering the temperature, the Td3band starts to shift

sented by Kohn for the occurrence of the excitonic pHase. slightly to larger(positive binding energies. A reason may

ex<\:/i¥§ncgrr: de:(t)mggereﬂi]te tgl?r?emlgaﬁge(r)?/)érohfpa}rrl:ﬂe Otetx\(/:\{g:wmerbe the Iat'_tice distortion, which removes the degeneracy of
bindi in elect Its is qi B the metallic bands due to symmetry changes of the crystal
Inding energy In electron volts 1s given Dy field from octahedral towards trigonal prismatic coordina-
tion. It is equivalent to Hughes' arguméhtof a band
exe. M1 pseudo-Jahn-Teller effect. We have to remember that all oc-
Eg “iny 2 (13.6 eV (2 tahedrally coordinated effect TMCs undergo small lattice
€ distortions as a function of temperat§feBut not each TMC

with u denoting the reduced effective exciton mass given bfhowsszan instability, as fpr instance, TH%T'SZ' and
1/u=1/m,+ 1/m,. Here,m, andm, are the effective masses TaTe.>“ Therefore, one might guess a possible Jahn-Teller

of the electron and hole bands, respectively wheragss effect at the starting point of lattice distortions in these ma-
the free electron rest massis the dielectric constant. Intro- terials. However, the TMCs are not simple ionic crystals and

ducing the experimental values, we obtain a formula for thé:orrelation effects influence the possible instabilities. For ex-
exciton binding energy: ' ample, the properties of Tt TaS, appear affected already at

RT by the Mott localization transition at 180 ¥, and in
some H polytypes, a saddle band mechanism based on the
o= 0_52% (13.6 eV — 7_24 oV, (33  model by Scott and Ri€& has been recently discuss¥d> .
€ The formation of more electron-hole pairs due to the shift
of the Ti 3d band also contributes to the gain in energy.
For the dielectric constant no exact valuesxist. Liang  Fluctuations due to the excitonic phase occurring already at
et al?’ have measured the lattice polarizabiligz.=36, RT are consistent with the increase of resistivity with de-
which would yield a value of 5.5 meV for the exciton bind- creasing temperature below 300 K. A&=T,  the Ti 3d

Ing energy. . ) band reaches a position whetg=n,. The number of exci-
Besides, Zittart?’ found a relation, using the Hartree- tons and also the resistivity is maximal. The temperature of
Fock approximation, between the transition temperature fomaximal resistivity is not menaningful but only defines a
the excitonic phasel|s(r -0, and the exciton binding en-  |ower limit for formula(4). Upon further decreasing the tem-
ergy: perature the Ti @ band continues shifting, generating elec-
trons in excess, which are responsible for the decreasing re-
kBTc|A(TC):0:CEgXC- (4) sistivity and a negative Hall coefficient. Resistivity can also
be further decreased by a reduced relaxation rate due to the
Hereby,C is a dimensionless factor depending on the bandower temperature. As long dé\|<E§*°,** Mott-Wannier
massesT . has been chosen to be 200 K as a lower lifpite ~ €xcitons are present with large radii and free carriers are
below). In the isotropic case, i.em,=m;,, C equals 1.4. removed from the Fermi surface. The instability extends over
This would yield an exciton binding energy oES® @ large temperature range and a metallic character appears at
~11 meV. As hole and electron bands are not isotropic, bulower temperatures, below about 100 K. _
yield different effective masses, we find f@ra value of 1. A last point to mention is the flatter dispersion of the
This givesES*® ~17 meV. backfo_lded Se g band_s near the apex. This is due to simple
With Eq. (3), a binding energy of roughly 17 meV would band interaction _Ioe%gldmg to a Wilson band gap. A band-
yield a dielectric constané=20. This number is similar to Structure calcu_laaté for the distorted phase based on the
that of isostructural T-TiS,,% which is accepted to be a model of Yo§h|d _for the .electronlc susceptibility who_ car-
semiconducto}”%°  However, recent ab  initio  'ied out a tight-binding fit to Zunger's LDA calculatioh
calculation&®©° claim that IT-TiS, is semimetallic as well. provides rather good agreement upon comparison to our low-

Keeping this in mind, the value af, =36 as stated by Liang €Mperature data.

has to be questioned with respect to its validity to use here, N Summary, we argue thafltTiSe, exhibits a Kohn ex-
Our estimatior(Fig. 8 for the overlapA is roughly 0 to 5 citonic phase extended on a W|dc_e temperature mterva[ as
meV. This is reasonable, if one considers that the value fof'Wn by angle-resolved photoemission and the comparison
the hole band, 15 meV, is an estimation based on the argu© ransport data. Nevertheless[-TiSe, is an exception to
ment of constant spin-orbit splitting over a largarange?® the rule in the TMCs as it shows a second-order phase tran-

Transport dat¥ suggest that one has free carriers with posi_sition. To our experience, thgre is no other TMC that shows
tive Hall coefficient, i.e., holes at RT. prtype conduction at such a temperature behavior. Therefore, other octahedral

RT means that the hole concentratiop is larger than the (1T) and trigonall prismatic (E). TMCs may be expla}ined
electron concentration,. As shown above the Ti®band by more conventional mechanisms based on Fermi surface

is only thermally populated by electrons leaving only a smal"€sting or saddle bands.
number of electrons to form excitons. These might give rise
to fluctuations at RT and are, actually, seen in ARPHSBe
result is, that at RT, the system is already in an excitonic Using high-resolution ARPES as a function of tempera-
state. We only detect a large asymmetry of the d@itBand ture to investigate the TMCT-TiSe,, we were able to show

V. SUMMARY
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two aspects. With respect to ARPES as a technique, we denas the occurrence of a Kohn excitonic phase, consistently
onstrated that without normalization procedures it is possiblevith transport data.
to seeunoccupiedenergy bands in photoemission if prereg-
uisites such as narrow band width and flat dispersion are met.
The leading edge of a photoemission spectrum may then be
well shifted within the &gT limit set by the Fermi-Dirac We wish to thank L. Degiorgi for many helpful discus-
statistics. sions and for the reading of the manuscript. We are greatly
Being aware of this possibility we were able to show thatindebted to our workshop and electric engineering team, in-
the Ti 3d band in the TMC T-TiSe, considerably shifts cluding O. Raetzo, E. Mooser, O. Zosso, R. Schmid, R. Von-
towards the occupied range. When passing the phase tran&nthen, Ch. Neururer, and F. Bourqui. Financial support by
tion, the Se 4 bands become backfolded due to the periodicthe Fonds National Suisse pour la Recherche Scientifique is
lattice distortion. The temperature behavior can be explainegdratefully acknowledged.
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